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introduction

Preload assessment and fluid responsiveness 
of patients with a critical or sub-critical he-
modynamic status have been addressed in 
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AbStrAct

introduction - We investigated fluid responsiveness in a population of patients undergoing coronary artery 
revascularization, with respect to their right ventricular ejection fraction.
materials and methods - This was a multicenter trial involving 11 cardiac surgical Institutions and 65 pa-
tients undergoing elective coronary artery revascularization. Hemodynamic parameters were measured be-
fore and after volume expansion using a modified pulmonary artery catheter and transesophageal echocardio-
graphic monitoring. Patients demonstrating an increase of stroke volume >20% after volume expansion were 
considered as responders. Volume expansion with 7 ml/kg of plasma expander was performed when required 
on a clinical basis.
results - In the overall population, only the change in aortic blood velocity (cut-off 13%) was a predictor of 
fluid responsiveness. In patients with a reduced (<0.3) right ventricular ejection fraction only the value of 
mean pulmonary arterial pressure was predictive of fluid responsiveness (cut-off 18 mmHg). Patients with 
right ventricular ejection fraction ≥0.3 demonstrated three predictors: changes in aortic blood velocity (cut-off 
15%), right ventricular end diastolic volume index (cut-off 80 ml/m2), and left ventricular end diastolic area 
index (cut-off 9 cm2/m2).
conclusions - When right ventricular systolic function is depressed, the right ventricle inability to fill the left 
chambers results in a lack of the left-sided responsiveness predictors. When the right ventricular systolic func-
tion is preserved, all the classical fluid responsiveness predictors are confirmed. Right ventricular function is 
therefore to be always considered when addressing the problem of fluid responsiveness.

Keywords: Intensive care, Cardiac surgery, Fluid responsiveness, Mechanical ventilation, Preload.

various research studies, both in Intensive 
Care Unit patients (1-7) and during major 
operations (8-12). Different predictors of flu-
id responsiveness have been identified, basi-
cally belonging to four different categories:
a) pressure-based parameters like right 

atrial pressure (RAP) (2), mean pul-
monary arterial pressure (MPAP) and 
pulmonary artery occlusion pressure 
(PAoP) (2, 5, 13);



22

M. Ranucci, et al.

b) areas and volumes like left ventricu-
lar end diastolic area (LVEDA) (1), 
right ventricular end diastolic volume 
(RVEDV) (13), and intra-thoracic blood 
volume (ITBV) (14);

c) transmitral valve flow doppler param-
eters (12);

d) dynamic parameters like inspiratory 
decrease in RAP, expiratory decrease 
in arterial systolic pressure, respiratory 
changes in pulse pressure, and respira-
tory changes in aortic blood velocity 
(ABV) (1, 3, 4, 6-9, 11).

All the predictors of fluid responsive-
ness have potential advantages or disad-
vantages, and may be more or less useful 
in different clinical conditions; however, 
whenever addressing the problem of fluid 
responsiveness, it should be always consid-
ered that this concept depends not only on 
the objective preload conditions, but even 
on myocardial contractility. A decrease in 
ventricular contractility decreases the slope 
of the relationship between end-diastolic 
volume and stroke volume; moreover, in 
case of right ventricular dysfunction, the 
beneficial effects of volume expansion are 
unlikely to occur, even in case of low left 
ventricular preload (15).
Despite the potentially important role of 
right ventricular function in determining the 
individual fluid responsiveness, the majority 
of the studies failed to address this point. 
The present study is a fluid responsiveness 
analysis using different potential predictors 
in the setting of a population of patients un-
dergone cardiac surgery, with respect to the 
quality of right ventricular function.

mAtEriAlS And mEthodS

The study was a multicenter trial conducted 
in 11 different Institutions. It was approved 
by ethical committees according to the local 
rules and all the patients gave a written in-

formed consent. Each participating center 
was committed to guarantee not less than 
four and no more than 10 patients. 

Patients
Eligible subjects were patients undergoing 
isolated, elective coronary artery bypass 
graft operations. Exclusion criteria were the 
need for preoperative inotropic support or 
intra-aortic balloon pumping, tricuspid re-
gurgitation more than grade 1, atrial fibril-
lation or ventricular arrhythmias. All the 
patients received an hemodynamic moni-
toring with a modified pulmonary artery 
catheter CCo/CEDV (Edwards Lifescienc-
es LLC, Irvine, CA) for continuous determi-
nation of cardiac output, RVEDV and right 
ventricular (RV) ejection fraction, and a 
transesophageal echocardiographic (TEE) 
monitoring.

Hemodynamic measurements
The following hemodynamic parameters 
were measured: heart rate (beats/min); 
mean systemic arterial pressure (mmHg); 
MPAP (mmHg); RAP (mmHg); PAoP 
(mmHg); cardiac index (L/min/m2); stroke 
volume index (SVI, ml/m2); left ventricle 
(LV) ejection fraction; left ventricular end 
diastolic area index (LVEDAI, cm2/m2), 
measured using a transgastric midpapillary 
TEE view; right ventricular end diastolic 
index (RVEDVI, ml/m2); right ventricle 
(RV) ejection fraction; right ventricular 
end diastolic area index (RVEDAI), mea-
sured using a mid-esophageal TEE view; 
Δ aortic blood velocity (ABV, %); velocity 
time integral (VTI) ratio of E and A waves 
of transmitral flow; isovolemic relaxation 
time (IVRT, msec). ITBV (L) was a faculta-
tive measurement.
MPAP, RAP and PAoP were measured at 
end expiration. Cardiac index was continu-
ously measured with a modified pulmonary 
artery catheter; SVI was assessed as cardiac 
index/heart rate. The modified pulmonary 
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23artery catheter is equipped with a rapid-re-
sponse termistor, permitting measurement 
of RV ejection fraction providing that the 
system is interfaced to the heart rate signal. 
The RVEDVI is derived as SVI/RV ejec-
tion fraction. Values of cardiac index, SVI, 
RV ejection fraction and RVEDVI were as-
sessed after 5 minutes of continuous moni-
toring, and data were considered reliable 
when stable after five consecutive points in 
time.
LV ejection fraction was estimated with 
bidimensional TEE and Simpson’s rules; Δ 
ABV was measured with a continuous dop-
pler study of the aortic flow: the % change 
was calculated according to the equation: 
Δ ABV =2 x (Vpeak max - Vpeak min)/
(Vpeak max + Vpeak Min); a pulsatile dop-
pler study of the transmitral flow was used 
to define the VTI of the E and A waves, and 
its ratio E/A VTI; IVRT was calculated as 
the time between the end of aortic flow and 
the beginning of mitral flow. ITBV was cal-
culated in a subpopulation of patients using 
a single transpulmonary thermodilution 
technique.

Study protocol
The hemodynamic parameters have been 
measured before and after volume expan-
sion (VE) in patients requiring, on a clini-
cal basis, a fluid administration. The timing 
of VE could be:
a) intraoperatively, at the end of complete 

hemodynamic monitoring, with the 
patient being anesthetized, paralyzed, 
and under mechanical ventilation, with 
closed chest, and before the initiation of 
the surgical manouvers;

b) postoperatively, in the Intensive Care 
Unit (ICU), within the first 4 hours af-
ter the end of the operation, with the pa-
tient being anesthetized, paralyzed, and 
under mechanical ventilation.

In both cases the patients were ventilated 
at intermittent positive pressure, with zero 

end espiratory positive pressure, a tidal vol-
ume of 8-10 ml/kg, a respiratory rate of 10-
12 cycles/min, and a peak positive pressure 
<20 cm H2o. All the measurements have 
been done in supine position, with a zero 
pressure settled at the mid-axillary level. 
no therapeutic interventions were intro-
duced or changed between the pre and post 
VE hemodynamic assessment, and the po-
sition of the patients was unchanged.
VE was represented by the intravenous in-
fusion of 7 ml/kg of 6% hidroxyethylstarch 
(Voluven, fresenius Kabi, Verona, Italy) 
over 20 minutes. Patients demonstrating 
an increase of SV >20% of baseline value 
after VE were defined as “responders”.

Patients grouping
The patients population was divided into 
two groups, according to the RV ejection 
fraction measured before VE. A cut-off 
value of 0.3 was chosen as the grouping de-
terminant.

Statistical analysis
The effect of VE on hemodynamic param-
eters was assessed using a Student’s t test 
for paired data. Between groups differences 
have been assessed using a Student’s t test 
for unpaired data. Differences in baseline 
hemodynamic parameters between re-
sponders and non responders were assessed 
using a Student’s t test for unpaired data in 
each group. 
Hemodynamic parameters associated with 
the status of responder were further ana-
lyzed with a receiver operating characteris-
tic (RoC) curve, in order to detect the area 
under the curve and the cut-off points with 
the respective sensitivity and specificity 
values. The analysis was conducted for the 
overall population and for the two groups. 
All data in tables are presented as mean ± 
standard deviation of the mean. A p value 
<0.05 was considered statistically signifi-
cant.
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rESultS

Sixty-five patients were enrolled in the 11 
participating Institutions. 56 were males; 
the age was 64±8 years, the body surface 
area 1.8±0.15. forty-eight patients re-
ceived volume expansion intraoperatively, 
and 17 in the ICU. The hemodynamic pro-
file of patients before and after VE was not 
significantly different between patients re-
ceiving VE intraoperatively or in the ICU, 
and the rate of responders was not signifi-
cantly different. 
Therefore, all the patients were included in 
the overall population, without distinction 
based on the timing of VE. 
forty-one patients had a RV ejection frac-
tion ≥0.3, and 24 <0.3. on this basis, the 
two groups were created.

The hemodynamic parameters before VE 
and the effects of VE in the two groups are 
reported in Table 1. Significant differences 
between groups before VE were observed in 
heart rate, MPAP, SVI, RVEDVI and both 
LV and RV ejection fractions. These differ-
ences remained confirmed after VE, except-
ed heart rate. VE induces significant within 
groups differences in almost all the hemo-
dynamic parameters (excepted RV ejection 
fraction and E/A VTI in both groups). Af-
ter VE, 24 patients (14 in the group with 
RV ejection fraction ≥0.3 and 10 in the oth-
er) demonstrated a SV increase >20% and 
were considered as responders.
Differences between responders and non 
responders with respect to the possible pre-
dictors are reported in Table 2 for the over-
all population. only the Δ ABV was signifi-

table 1 - Effects of volume expansion on hemodynamic parameters in the two groups.

rV ejection fraction ≥0.3 
(n=41)

rV ejection fraction 
<0.3 (n=24)

Variable before/after VE before/after VE

Heart rate (beats/min) 73±16 / 71±18 84±18* / 79±17

Mean arterial pressure (mmHg) 77±13 / 83±11 79±10 / 86±12

Right atrial pressure (mmHg) 9±3 / 11±3 10±4 / 12±3

Mean pulmonary artery pressure (mmHg) 17±3 / 21±4 20±5* / 24±5*

PAoP (mmHg) 12±3 / 14±4 13±4 / 16±4

Cardiac index (L/min/m2) 2.4±0.6 / 2.7±0.7 2.1±0.7 / 2.5±0.6

Stroke volume index (ml/m2) 34±8 / 39±10 24±7* / 29±9*

LV ejection fraction 0.48±0.14 / 0.51±0.13 0.38±0.13* / 0.41±0.13

RVEDAI (cm2/m2) 8.5±2 / 10±2 9±3 / 10±3

RV ejection fraction 0.4±0.1 / 0.4±0.1 0.24±0.05* / 0.26±0.08*

LVEDAI (cm2/m2) 10±3 / 12±3 11±3 / 12±3

RVEDVI (ml/m2) 87±20 / 98±22 101±25* / 114±34*

Δ ABV (%) 14±7 / 10±4 13±8 / 8±4

E/A VTI 1.2±0.5 / 1.4±0.6 1.3±0.7 / 1.4±0.6

IVRT (msec) 101±30 / 96±25 104±27 / 87±24

ITBV (L) (n=18) 1.6±0.24 / 1.9±0.32 1.7±0.25 / 1.9±0.27

ABV = aortic blood velocity; E/A VTI = ratio between E and A waves velocity time integrals; IVRT = isovolemic relaxation 
time; ITBV = intra-thoracic blood volume; LV = left ventricle; LVEDAI = left ventricular end diastolic area index; PAoP 
= pulmonary artery occlusion pressure; RV = right ventricle; RVAI: right ventricular end diastolic area index; RVEDVI = 
right ventricular end diastolic volume index; VE = volume expansion. * = significantly different between groups.
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Variable non responders 
(n=41)

responders (n=24) p

RAP (mmHg) 9±3 9±4 0.86

PAoP (mmHg) 12±4 12±3 0.56

LVEDAI (cm2/m2) 11±3 9±3 0.1

RVEDVI (ml/m2) 95±22 87±24 0.22

Δ ABV (%) 12±6 17±8 0.002

E/A VTI 1.2±0.6 1.3±0.6 0.97

IVRT (msec) 102±28 102±31 0.97

ITBV (L) 1.8±0.35 1.7±0.27 0.067

ABV = aortic blood velocity; E/A VTI = ratio between E and A waves velocity time integrals; IVRT = isovolemic relaxation 
time; ITBV = intra-thoracic blood volume; LVEDAI = left ventricular end diastolic area index; PAoP = pulmonary artery 
occlusion pressure; RVEDVI = right ventricular end diastolic volume index.

table 3 - Hemodynamic variables before volume expansion and fluid responsiveness in the two groups.

right ventricle ejection fraction ≥0.3, n=41

Variable non responders (n=27) responders (n=14) p

RAP (mmHg) 9±3 9±3 n.s.

MPAP (mmHg) 17±3 18±3 n.s.

PAoP (mmHg) 12±3 11±3 n.s.

LVEDAI (cm2/m2) 11±3 8±3 0.035

RVEDVI (ml/m2) 92±18 76±19 0.014

Δ ABV (%) 11±6 20±5 0.001

E/A VTI 1.2±0.4 1.2±0.7 n.s.

IVRT (msec) 99±28 106±37 n.s.

right ventricle ejection fraction <0.3, n=24

Variable non responders (n=14) responders (n=10) p

RAP (mmHg) 10±3 9±4 n.s.

MPAP (mmHg) 22±5 17±4 0.039

PAoP (mmHg) 13±4 12±4 n.s.

LVEDAI (cm2/m2) 11±2 11±4 n.s.

RVEDVI (ml/m2) 100±27 103±23 n.s.

Δ ABV (%) 13±6 14±10 n.s.

E/A VTI 1.3±0.8 1.4±0.5 n.s.

IVRT (msec) 107±28 97±24 n.s.

ABV = aortic blood velocity; E/A VTI = ratio between E and A waves velocity time integrals; IVRT = isovolemic relaxation 
time; LVEDAI = left ventricular end diastolic area index; MPAP = mean pulmonary artery pressure; n.s.= not significant; 
PAoP = pulmonary artery occlusion pressure; RVEDVI = right ventricular end diastolic volume index.
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figure 1 - Receiver Operating Characteristics 
(ROC) analysis for patients with a RV ejection 
fraction ≥ 0.3. Predictors: RVEDVI, Δ ABV, 
LVEDAI.

table 4 - Predictors for fluid responsiveness in the two groups.

rV and lV function predictors of fluid 
responsiveness

Area under the curve 
(c.i. 95%)

cut-off values

RV ejection fraction 
<0.3

MPAP 0.8 (0.61-0.99) 18 mmHg
Sensitivity 70%
Specificity 86%

RV ejection fraction ≥0.3 LVEDAI 0.71 (0.54-0.88) 9 cm2/m2

Sensitivity 70%
Specificity 70%

Δ ABV 0.88 ( 0.75-0.99) 15%
Sensitivity 82%
Specificity 85%

RVEDVI 0.72 (0.55-0.89) 80 ml/m2

Sensitivity 62%
Specificity 70%

ABV = aortic blood velocity; c.l. = confidence limits; IVRT = isovolemic relaxation time; LV= left ventricle; LVEDAI = 
left ventricular end diastolic area index; MPAP = mean pulmonary arterial pressure; RV= right ventricle; RVEDVI = right 
ventricular end diastolic volume index.

cantly different between responders and 
non responders at the statistical analysis 
(Student’s t test for unpaired data).
A RoC curve was used to define the area 
under the curve for Δ ABV as predictor of 
fluid responsiveness. The value was 0.71 
(c.l. 95% 0.56-0.87); a cut-off value of 13% 
Δ ABV was identified, with a sensitivity of 
70 % and a specificity of 72%.
In Table 3 the differences between respond-
ers and non responders have been analyzed 
in the two groups. ITBV values have been 
omitted, due to the small amount of data in 
each class.
In the group of patients with a RV ejec-
tion fraction ≥0.3 we could identify three 
fluid responsiveness predictors: LVEDAI, 
RVEDVI, and Δ ABV. In the group of pa-
tients with a RV ejection fraction <0.3, 
only the MPAP was significantly associated 
to fluid responsiveness.
The variables being significantly different 
between responders and non responders 
in the two groups were analyzed with a re-
ceiver operating characteristic (RoC) curve 
analysis (Figure 1 and Figure 2) to detect 

the area under the curve and adequate cut-
off values for sensitivity and specificity.
The final model including the predictors 
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of fluid responsiveness at different right 
ventricular ejection fractions is reported in 
table 4.

diScuSSion

The experimental design of this study, 
which includes the measurement of many 
hemodynamic parameters, is time and ex-
pertise demanding; moreover, the need for 
enrolling an adequate number of patients 
for each class of right and left ejection frac-
tion, induced us to establish a multicenter 
trial. As a result, the final patients popula-
tion (n=65) is the wider series until now 
investigated in this kind of studies.
Looking at the overall population, only the 
dynamic indicator Δ ABV is a predictor of 
fluid responsiveness, with a cut-off value of 
13%. This indicator was already identified 
as a predictor for fluid responsiveness in a 
recent study (6) dealing with patients in 

septic shock, with a cut-off value of 12%. 
our results seem to confirm this observa-
tion, and the role of dynamic preload in-
dicators as major determinants of fluid 
responsiveness. We did not measure other 
similar dynamic variables (pulse pressure 
variations, systolic pressure variations) but 
there is a general agreement about their 
high sensitivity and specificity (1, 3, 7). 
The most relevant finding, in our study, is 
the failure of many traditional fluid respon-
siveness indicators whenever the RV ejec-
tion fraction is <0.3. There is little infor-
mation in literature about RV function and 
fluid responsiveness; however, since the VE 
is exerted on the right side of the circula-
tion, at least two right-sided factors should 
be considered: the venous bed compliance 
and the RV contractility. The fluids infused 
may become part of the venous blood (un-
recruitable volume) or directly contribute 
to the right and left heart chambers filling 
(recruitable volume) depending on the right 
ventricular contractility.
We are aware that RV ejection fraction, be-
ing dependent on the afterload, is not a re-
liable measure of contractility, but can be 
considered, in clinical terms, an index of RV 
systolic function. our results demonstrate 
that whenever the RV ejection fraction is 
severely depressed, the only predictor of 
fluid responsiveness is the MPAP, while the 
traditional left-sided indicators (LVEDAI 
and Δ ABV) loose clinical utility. In other 
terms, RV dysfunction splits the concept 
of fluid responsiveness from the concept of 
LV preload: even if the second is low, the 
patient could be fluid unresponsive (15). 
This clinical condition is acutely present in 
right ventricular infarction, when the RV 
appears dilated and hypocontractile, the LV 
empty and hyperkinetic, and the dynamic 
indicators of preload are suggestive for an 
hypovolemic state.
Patients with a RV ejection fraction ≥0.3 
demonstrated three predictors of fluid re-

figure 2 - Receiver Operating Characteristics 
(ROC) analysis for patients with a RV ejection 
fraction < 0.3. Predictor: MPAP.
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sponsiveness: Δ ABV, RVEDVI, and LVE-
DAI. The cut-off forΔ ABV was settled at 
15%, again consistently with the already 
available information. 
RVEDVI is a significant predictor of fluid 
responsiveness with a cut-off value settled 
at 80 ml/m2. There is not a general agree-
ment about the role of RVEDVI in predicting 
fluid responsiveness. Some concerns have 
been raised about the precision of the algo-
rythm for RV ejection fraction assessment 
in case of tricuspid regurgitation (16): ther-
modilution underestimates actual ejection 
fraction in a direct linear relationship to the 
degree of tricuspid valve regurgitation. Due 
to these concerns, tricuspid regurgitation 
was carefully estimated with the TEE color 
doppler, and no patient was enrolled in case 
of tricuspid regurgitation more than trivial 
during the experimental procedure.
Diebel and associates (13) found a correla-
tion between fluid responders and RVEDVI, 
identifying a predictive cut-off value for be-
ing a responder of less than 90 ml/m2. Con-
versely, Wagner and Leatherman (2) failed 
to confirm the predictive role of RVEDVI in 
terms of fluid responsiveness. It should how-
ever be considered that the series of Wagner 
and Leatherman had a RV ejection fraction 
of 0.31±0.1, therefore including many pa-
tients below the critical level of 0.30, which 
in our study too excludes RVEDVI as a fluid 
responsiveness predictor.
LVEDAI is confirmed as fluid responsive-
ness predictors in patients with acceptable 
RV function, with a cut-off of 9 cm2/m2 was 
identified. This value is consistent with the 
data from Tousignant and associates (5) 
and Swenson and associates (17). 
We are aware of some limitations of our 
study: the grouping variable (RV ejection 
fraction) is not a direct index of RV contrac-
tility; the choice of a RV ejection fraction of 
0.3 for splitting the groups is based on the 
clinical practice and that can be matter of 
discussion; finally the two groups are dif-

ferent not only with respect to the grouping 
variable, but even in terms of LV ejection 
fraction. This is almost inevitable, since RV 
dysfunction is often linked to LV dysfunc-
tion, and finding out a consistent group 
of “pure” RV dysfunction would require a 
cohort of patients larger than the one pres-
ently studied. 

In a recent review article (7) Michard and 
Teboul emphasized the lack of value of 
ventricular preload indicators (RAP, PAoP, 
RVEDVI, LVEDAI) as predictors of fluid re-
sponsiveness in critically ill patients, while 
confirmed the importance of dynamic indi-
ces. In our series, we can confirm that in 
unselected patients the dynamic index (Δ 
ABV) is the most reliable predictor of fluid 
responsiveness. 
However, expecially in cardiac surgical pa-
tients, the clinical scenario is more com-
plex, involving the ability of RV to recruit 
the fluid volume (RV systolic function) 
and the ability of LV to accept that volume 
(LV diastolic function). on the basis of our 
data, we can conclude that whenever the 
RV systolic function is poor, no left-sided 
predictors of fluid responsiveness can be 
identified.
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